We present two methods, interferometry at the zero spatial frequency limit and analysis of diffracted orders for very low spatial frequency gratings, to characterize photopolymers with dispersed nematic liquid crystals. These methods provide us with real time information about the transformations taking place inside the material during recording.
INTRODUCTION
Holographic recording materials are usually characterized by recording holographic gratings [1, 2] . The main advantage of this method is that characterization and optimization of the material, and of the processes to store recorded holographic gratings, are performed simultaneously. For example, it is possible to multiplex many gratings in the material, trying to achieve high values of diffraction efficiency, and to measure the signal-to-noise ratio. Photopolymers are one of the most promising holographic recording materials. Many compositions have been developed for applications such as diffractive elements, data-storage displays, optical waveguides, etc [3] - [8] . However, materials with many parameters are usually involved in hologram formation, and it is difficult to determine the importance of each individual parameter in order to fit them separately.
In particular, in photopolymeric materials the interplay between polymerization and diffusion inside the material makes this task especially challenging and ambiguous. In addition there are many types of photopolymers that may be differentiated by the type of binder employed, since this component determines to a great extent the choice of monomer, dye and initiator used in the photopolymer. In the range of holographic frequencies (from 400 to 6000 lines/mm) many processes are involved in hologram formation, such as species diffusion, non-local polymerization (due to the finite size of polymer chains) [9] , and shrinkage or swelling (volume changes) [10] - [12] . When modelling the photopolymer behaviour a wide range of spatial frequencies are recorded, from 500 lines/mm to the highest material resolution [13] , with different recording intensities in order to evaluate the importance of polymeriza-tion and monomer diffusion [14] . In recent years some authors have analzyed the diffracted order for very short exposures when recording stops [15] . Nevertheless in some works [14] the important discrepancies in the values obtained for these parameters are shown and discussed. These discrepancies result from the difficulty involved in calculating them individually.
In the field of photopolymeric materials, polymer dispersed liquid crystals, H-PDLCs, have become one of the most interesting due to their switchable design. The formation of switchable holographic gratings from polymer dispersed liquid crystals (H-PDLCs) allows switchable transmissive and reflective diffractive optics to be developed. To overcome some limitations of photopolymers and liquid crystal displays, two polymer-related technologies have been combined over the past few years with fascinating results: photopolymer holography and polymer-dispersed liquid crystals, H-PDLC [16, 17] . Local differences in photopolymerization rates induce phase separation of discrete LC domains that occurs periodically and is commensurate with the period of the interference pattern.. When such a mixture is exposed to the optical field of two or more interfering laser beams, photopolymerization occurs more rapidly in bright than in dark regions of the interference pattern. This leads to diffusion of liquid crystalline molecules into dark regions and of monomers to bright regions. The applications, new H-PDLC compositions and optimization studies are presented in several papers [17] - [19] .
We propose interferometric and diffractive methods to characterize certain properties of photopolymers as holographic recording materials, allowing the main parameters that govern diffractive image formation to be decoupled. The first method is interferometric analysis at the zero spatial frequency limit. And the second consists in recording very low spatial frequency gratings and measuring the intensity of the different diffracted orders, which permits us to fit the exact grating shape recorded and track molecular diffusion in real time. In the case analyzed in this paper, PEA photopolymers with and without dispersed liquid crystal molecules are characterized. This material is liable to contain liquid crystal particles; thus dynamic holograms or diffractive elements can be manufactured. In general, the samples are between two glass plates. This cover-plating provides mechanical support and alters surface tension (energy) effects so as to change the profile of the surface relief grating formed during exposure [14] . However, with coverplating it is not possible to measure shrinkage and swelling in real time using zero spatial frequency recording [20] .
EXPERIMENTAL PROCEDURE
The first method (Figure 1 ) is based on an interferometer that has been successfully applied in the phase-shift versus applied voltage characterization of liquid-crystal displays (LCDs) [21] . It has good precision and, due to its quasicommon-path architecture, is a robust setup, less sensitive to changing environmental conditions and simpler to construct than Mach-Zehnder type interferometers. We used a grating with a spatial frequency of 4 lines/mm to generate a series of diffracted orders and blocked all the orders except +1 and -1. One of the two orders impinges on the exposed zone (illuminated by the Nd-YVO4 laser) and the other one impinges on the non-exposed zone. The distance between the two orders is approximately 1 cm, so as to eliminate the influence of monomer diffusion in the polymerization process. Afterwards the orders are brought to interfere and from the interference pattern we can determine what happens inside the material due to polymerization (diffusion is not present). It is interesting to comment the possibility to record reflection gratings due to the Fresnel boundaries reflections. Nevertheless the reflected intensity in the last boundary between glass and air is weak in transmission geometry and in addition due to the non-local effect, the size of polymer chains, probably the recording of these reflection gratings is dramatically attenuated.
For very low spatial frequency analysis, the diffractive-based experimental setup is shown in Figure 2 , where the periodic pattern is introduced using a LCD as the master which is copied onto the photopolymer. We used an expanded, collimated recording beam provided by a solid-state Verdi laser (Nd-YVO4) with a wavelength of 532 nm (at this wavelength the dye, yellowish eosine, exhibits maximum absorption). The periodic pattern, sinusoidal-like, is introduced by a liquid crystal display (LCD), a Sony LCD model LCX012BL, extracted from a video projector Sony VPL-V500. We used the electronics of the video projector to send the voltage to the pixels of the LCD. The LCD was used in the amplitude-mostly modulation regime by proper orientation of the external polarizers (P) [21, 22] ; then the pattern was imaged onto the material with an increased spatial frequency (a demagnifying factor of 2). Using the LCD allows us to change the period of the grating recorded in the photopolymer without moving any mechanical part of the set-up. Nevertheless, the size of the pixel, 42 µm, of this LCD model limits the minimum value of the spatial period in the recording material to 168 µm (i.e. 8 LCD pixels to reproduce a period). To analyze in real time the variation in efficiency of the different diffraction orders, we used an unexpanded beam of a He-Ne laser (633 nm) incident at a small angle with respect to the normal axis of the recording material. A diaphragm (stop2) was placed in the focal plane of the relay lens so as to eliminate the diffraction orders produced by pixelation of the LCD. The final pattern imaged onto the recording material can be expected to be low- pass filtered due to the finite aperture of the imaging system and especially due to the filtering process produced by stop2.
This photopolymer is composed of dipentaerythritol penta/hexa-acrylate (DPHPA) as monomer and binder, N-vinyl pirrolidone (NVP) as crosslinker, ethyl eosin (YE) as dye and N-methyl diethanolamine (NMDETA) as radical generator. These components were mixed under red light where the material is not sensitive and at a temperature of 40 o C to ensure all the components, especially the crystal liquid molecules, were completely dissolved. The solution (100 mL) was sonicated in an ultrasonic bath, heated, mixed with a magnetic mixer and deposited between two glass plates 2 mm thick. The H-PDLCs layers were around 10 µm thick in order to apply the electric field and to align the liquid crystal molecules, thus obtaining switchable holographic gratings. In the samples analyzed in this paper, a spacing of 106 µm was used to increase the phase shift and make it possible to see the different behaviours properly, thereby reducing the error in our calculations. Our main objective was to characterize the chemical composition rather than make switchable gratings. Table 1 shows the composition of different layers analyzed at zero spatial frequencies. These compositions were designed in such a way as to keep the liquid volume constant. In the first three compositions we analyzed the influence of the crosslinker concentration, and in the last four the influence of the liquid crystals in the polymerization process.
Once the volume fractions are introduced it is easy to obtain the volume fraction for each component, φ (i) . Using the values of refractive index, n i , of each compound together with the Lorentz-Lorenz equation [23] , the refractive index of the layer before recording, n 0, :can be calculated
These values were checked using Abbe refractometer (Model AYA-15) measurements and are presented in Table 2 . As can be deduced from Table 2 (the refractive index of LC is the averaged one in the random orientation), in compositions C4 and C5 the liquid crystal volume fraction is higher than 20%. This can prevent huge variations in the refractive index at zero spatial frequency recording.
RESULTS AND DISCUSSION
As mentioned in the introduction, parameters have classically been fitted based on a combined study of the evolution of diffracted efficiency during the recording of holographic gratings and the angular responses of the recorded gratings [24] . In this section we present the alternative characterization proposed. The goal is to understand what happens in the material so as to be able to fit directly all the parameters and model any application of the material. Therefore, we first analyze the material behaviour for each composition in the absence of diffusion. In this sense we analyze the influence of crosslinker and liquid crystal concentrations. In particular we study how the presence of liquid crystals affects the changes in refractive index. In the last section of results we introduce the method for calculating the diffusion of molecules inside the material.
Zero spatial frequency limit
In this study we analyzed different chemical compositions of PEA photopolymers at the zero spatial frequency limit. We also studied the influence of the dispersed liquid crystal molecules in the polymerization process.
We could only measure the results in transmission, where
both refractive index and volume variations have an influence. The phase shift measured in the case of transmission (PS t ) can be described as follows:
where d(t) is the new "solid" layer thickness [20] - [25] , α is the angle inside the material and PS Shr is the phase shift due to shrinkage. For cover-plated photopolymers we can consider that the volume between the two glass substrates remains constant.
The equation can be simplified for small incident angles (cos α = cos α = 1) and used to calculate the refractive index variation. In this case, for the whole layer the refractive index variation (∆n w ) can be calculated as follows:
Throughout the polymerization process, the volume between the glass plates remains constant.
where φ (i) , are the volume fractions of each component, and the volume fraction of the holes, φ (h) , can also be considered. While the collapse of holes will result in a reduction in the overall volume, the total volume fraction is by definition conserved. We can assume that φ (h) , and φ (CL) (volume fraction of the liquid crystals) remain constant during exposure at the zero spatial frequency limit. Therefore we can assume that:
Where, ∆φ (i) is the variation in each volume fraction during polymerization and φ (p) the polymer volume fraction.
At the zero spatial frequency limit, when diffusion does not take place, the decrease in monomer concentration depends on the recording intensity, I, the dependency of the polymerization and intensity, γ, initial monomer concentration and the polymerization reaction constant, K R, .
The model used in this paper is simple and based on the classical model proposed by Zhao et al. [26] . The aim of the paper is to propose and demonstrate a simple diffractive and interferometric method to calculate the first approximation of the polymerization rate and monomer diffusion. It is important to note that the gradient of monomer concentration in depth due to the dye absorption analyzed in previous works [27, 28] has been disregarded in this first approximation to the problem. In this sense it is important to mention the contributions of Sheridan et al. to clarify all the parameters involved in the polymerization process such as the influence of oxygen inhibiting [29] , the effects of the dye kinetics, and polymer chain initiation, propagation and termination [30] - [32] that can be studied using real zero analysis in future works. In any case the parameters obtained using the presented methodology produce good results when introduced in simple models as it is shown in references [33, 34] Once the first assumption is made, following the same steps presented in [20, 25] we can obtain the polymerization rate as a function of the experimental values of the phase shift, PS, during recording.
Furthermore if the quantities of the different compounds are known, it is possible to obtain the polymer refractive index using the Lorentz-Lorenz equation [23] . To make the calculus more accurate, it is possible to know the exact concentration of each component at the end of zero frequency recording using additional methods such as interferometry. In any case, interesting information can be extracted solving the following equation for some particular cases:
Where n f is the final refractive index of the layer, n p is the refractive index of the polymer formed during exposure, and
f is the final volume fraction for compound i. In the cases analyzed in this paper, due to the high value of dye concentration, the samples exhibit high absorption, (the transmittances are around 1%). In addition at the end of the exposing process we detected the presence of very little dye. Thus we assume that in the exposed zones all the components, except the liquid crystals, are polymerized. With this assumption equation 8 can be reduced to:
Where n LC is the average refractive index of the liquid crystal used.
After presenting some of the information that it is possible to extract from zero spatial frequency recording, it is interesting to analyze the behavior of the first three compositions in order to study the effect of NVP as crosslinker in the photopolymer. The results are depicted in Figure 3 . As in the case of higher NVP values, the curve can be seen to grow faster initially; however the saturation phase shift is similar. This effect can be explained by the Lorentz-Lorenz equation. When the crosslinker concentration increases, the polymer refractive index also increases. But due to the high refractive index of NVP in comparison with the other compounds, when it is consumed the average refractive index of the illuminated area decreases too. The values obtained using Eq. (9) for compositions 1, 2 and 3 are 1.496392, 1.497334 and 1.499188 respectively. It can thus be seen that multiplying the NVP concentration by a factor of 4 has very little effect on the polymer generated.
Following the steps described previously and using Eq. (7) it is possible to obtain the polymerization rate of C1. As can be seen in this figure the correlation parameter indicates that there is agreement between experimental data and theoretical behaviour. 8. The value at t=0 in the linear fitting should be 0, but it is well known that the Trommsdorff effect explains how the increase of viscosity reduces the polymerization rate [35] , as can be seen in the last points of the Figure 4 .
In order to obtain information about the effect of incorporating LC in the photopolymerizable solution using real zero frequency recording, the phase shift between illuminated and non-illuminated zones for compositions 1, 4, 5, 6 and 7 is shown in Figure 5 . As can be seen in this figure, the presence of LC molecules produces a decrease in phase shift. The values obtained for C4, C5, C6 and C7 using Eq. (9) are 1.491759, 1.491864, 1.494553 and 1.495925 respectively. Therefore we can conclude that incorporation of LC molecules results in only a small change in polymer refractive index. As zero spatial frequency recording prevents diffusion of liquid crystalline molecules into dark regions and of monomers to bright regions, the uniform concentration of LC throughout the whole layer makes it difficult for the refractive index to change. 
Very low spatial frequency recording
After demonstrating the utility of zero spatial frequency recording for studying the influence of some variations in the material composition when diffusion does not take place, it is interesting to use very low spatial frequency recording to analyze in real time the influence of species diffusion in photopolymers. In the hologram formation analysis, the diffusion times are very short, less than 0.1s, and it is impossible to measure them. Therefore, for spatial frequencies around 1000 lines/mm, species diffusion can only be determined indirectly. For very low spatial frequency recording we can measure more than 8 diffracted orders and obtain reliable information about the phase profile recorded in the material and its evolution after recording due to diffusion.
After measuring the diffracted efficiency of the main orders as a function of time we used the Fermi-Dirac function to obtain the recorded profile [22] . The Fermi-Dirac based profile is a better option than the super-Gaussian based profile used in previous studies [36] for two main reasons: the parameters in the Fermi-Dirac function are continuous, whereas in the super-Gaussian function the parameter describing the sharpness of the edges is discrete, thus there is no gradual transition between the fitted profiles. Furthermore, the Fermi-Dirac function provides a very good fit to the cosine function, which may be considered a reasonable limiting case when edges become highly smoothed by diffusion. The mathematical expression for the amplitude transmission t(x) of a transparent phase element showing a Fermi-Dirac phase profile ϕ(x) can be written as follows,
where ϕ 0 is the asymptotic phase modulation depth (for an xinterval (-∞,+∞)), Ω controls the symmetry (or duty cycle) of the profile, and α is the parameter characterizing the function shape and sharpness of the edges. The function is limited to an x-interval (-1,1), and repeated periodically. We considered symmetric gratings, which for this x-interval corresponds to the value Ω=0.5. We rescaled the phase values obtained in the x-interval (-1,1) so that the phase modulation depth in this finite interval equals the asymptotic phase modulation depth [22] .
We compared the diffraction efficiencies calculated numerically using the Fermi-Dirac model with the experimental values for the first 9 orders (orders 0, 1,., and 8).
In order to demonstrate the utility of the proposed method we recorded a sinusoidal grating with a spatial period of 168 µm for 16 s using the material C7. After recording we continued measuring the intensity of the diffracted orders so as to analyze the effects of species diffusion on the diffractive element recorded. The results are shown in Figure 6 . As can be seen the diffraction efficiency of order 1 achieves a diffraction efficiency of 28% just when the recording stops and decreases after exposure. When the grating remains under red illumination all the energy goes back to the order 0 due to diffusion.
Once we stored the intensities of different diffracted orders as Exposure stops at 16 s (the absolute value for phase depth is shown).
a function of time, we fitted the experimental data to find the best phase profile. The validity of the fittings around the phase depth value considered as physically reasonable is shown in Figure 7 , where the local minimum is clearly detected.
Using this method we fitted some profiles to analyze the phase grating evolution once the exposure is finished. The points analyzed are represented in Figure 8 . In this figure the phase modulation can be seen to decrease due to species diffusion.
The Fermi-Dirac fittings provide important information, which can be used to calculate the average species diffusion inside the material [22, 37] . In this sense, to solve Fick's law (Eq. (12)) after a periodic illumination we proposed the following model. Due to exposure a species concentration distribution is generated inside the photopolymer (φ (i) ). Exponential decay (increase) of species concentration in the non-exposed (exposed) zones due to species diffusion begins when exposure stops to achieve the average value of the residual specie concentration (φ
f ) , corresponding to the point when monomer diffusion eventually stops due to uniform monomer distribution. It is important to note that in the case of the PEA photopolymer analyzed, there are many species diffusing after illumination, such as DPHPA, NVP, etc. Therefore using this method we obtain the average diffusion value for all the molecules,φ (avg) .
We can thus assume the species concentration after exposure as:
where the species modulation is ∆φ (i) (x) and τ is the characteristic time of monomer variation and can be calculated by fitting the phase depth of the grating variation with time [22, 37] . When we introduce this expression in Eq. (12) we obtain:
12024-6
In a first approximation we can assume a sinusoidal distribution of the modulation of species concentrations and for the illumination (I):
where Λis the grating period. This assumption only makes sense just for very short exposures and sinusoidal distribution of the recording intensity. Therefore the Eq. (14) can be rewritten as:
This gives a first order inhomogeneous differential equation with constant coefficients; therefore, the general solution is:
It is important to note the simplicity of Eq. (14) -only two parameters determine the value of D: Λ and τ. In the case analyzed in this section the exposure time is 16 s and the exposure intensity is 1 mW/cm 2 . Therefore the polymer concentration is small and we can assume that D is spatially independent.
In our analysis of the evolution of refractive index distribution in time, we noted that the phase modulation, ∆ph, becomes time independent after a time range of several minutes to a few days after exposure. The approximation to this value is exponential. Next we show how we can obtain the value for the parameter τ, needed in Eq. (19) , from the fitting of the temporal variation for ∆ph. If we use Eq. (13) we can obtain:
This value tends asymptotically (in practice in some minutes) to the value:
Thus, Eq. (15) can be rewritten as:
If we apply the logarithm to both sides of the expression, we obtain:
ln (∆ph(x, t → ∞) − ∆ph(x, t))
It should be noted that we did not assume any specific profile for ∆ph(x) to derive Eq. (18) . The movement of species, except LC, from the dark zones to bright ones creates refractive index variations in the dark zones and in the bright ones. In order to determine the value of τ we applied Eq. (18) at x=0, where illumination takes the maximum value. We studied the evolution of the diffraction efficiency for 4 days in order to estimate an accurate value of the limit of ∆n(t → ∞).
In Figure 9 we represent the fitting used to calculateτ. The value of R 2 represented in this figure shows the agreement between the experiments and the theoretical behavior assumed. Using the data from Figure 9 we obtain the following values: τ = 213 s and D = 3, 36 · 10 −8 cm 2 s −1 . This value of D is three times higher than that obtained in acrylamide materials [37] and more than ten times higher than that obtained in sodium acrylate materials [25] . The high velocities of D obtained make sense because the photopolymers analyzed in this paper are liquid at ambient conditions, the exposure times are short (16s) and the polymer concentration in the exposed zones is low.
CONCLUSION
Using interferometric and diffractive analysis we characterized a photopolymer with and without liquid crystal molecules. Combining the two methods we were able to analyze polymerization and diffusion separately and thus discuss the influence of the different components such as liquid crystal molecules, crosslinker, etc. on grating formation. We also presented some simply models using interferometric methods to fit the polymerization rate and average species diffusion inside the material. The interferometric and diffractive analyses have been applied to calculate the first approximation of the main parameters for different composition of H-PDLCs photopolymer. The results of the fittings remark the importance of these methods to analyze the photopolymers as holographic recording material.
